on the Rayleigh-wave dispersion (1 is a typical oceanic structure, and 7 is a typical continental structure). The divisions of the area studied here have classification from 3 to 5.
The 7 stations of the Orstom network (see Figure 5 ) lie in the center of this area and are suitably placed to supply details of the strutture of the New Hebrides and New Caledonia arcs. Thus the stations at Luganville and Port Vila have given evidence of anomalous propagation of P waves along the New Hebrides arc, and the long-period instruments at Port Vila, Noumea, and Koumac have given models of the structure of the New Hebrides arc, the New Caledonia ridge, and its southward extension as the Norfolk ridge [Dubois, 1965, 19681. Seismic profiles in the Coral Sea basin [Xhor, 1967J show sediments, 'second layer,' and oceanic crust all thicker than normal for an oceanic station. A normal mantle lies at a depth of 19 km. Rayleigh-wave dispersion is in good agreement with these data.
Observations of body waves and Rayleigh waves in the New Caledonia and New Hebrides area will be presented and used to investigate the structure of the region in the context of expansion and ocean-bottom spreading. The basic observations of Oliver and hacks [1967] in the Tonga-Kermadec region led them to propose the hypothesis of a sinking lithosphere underthrusting an island arc. Molnar and Oliver [1969] , in their global study of lateral variation of attenuation in the upper mantle, observed a poor and atypical propagation of S, across the convex side of the New Hebrides arc, over two paths between the New Hebrides and Charters Towers. The stations,,& Voumea and Xoumac lie close to the convex, side of the arc and are suitably placed to enable a study of this problem.
Following Cullen [1967] and Summerhayes [1967] , I have assumed that expansion in this area would occur toward the north-northeast (New Hebrides) and to the north (Solomon Islands) from the Indian Antarctic ridge. Geological features, seismic data, and the propaga-'tion of seismic waves suggest that New Caledonia, the Loyalty Islands, and the Norfolk ridge compose an island arc whose activity ceased in the Oligocene.
Karig [1970] and Packham and Falvey [ 19711 have recentlly used marine geophysical data (gravity especially) to argue that marginal seas are areas where oceanic crust is being formed immediately behind the andesitic arc, by a process analogous to that believed to operate on mid-oceanic ridges.
In this paper we shall first study the seismicity of the New Hebrides island arc and the propagation of P and X waves, and secondly we shall try to construct theoretical models using the parameters obtained in the first part and 'to see if they are in general agreement with observed Rayleigh-wave dispersion and the concept of sea-floor spreading and continental drift.
Seism$icitv of the New Hebrides Islands arc.
A belt of great seismic activity extends from 10"s to 24"s. Important volcanic activity is associated with the activity (the active volcanoes of Gaua, Ambrym, Lopevi, Tanna,'and Matthew). Three vertical sections oriented perpendicular to the arc show hypocenters projected from distance within k200 km of each section (Figure 3) . Only shocks for which data from more than 20 stations were available have been shown. The accuracy claimed in ISC bulletins was always better than k 1 0 lun in position and rt20 lun in depth. The depths obtained based on the pP-P interval as a further check on their accuracy. [Tryggvason, 1964; Carder et al., 1966; Clearg and Hales, 19661 . The scatter of P residuals follows approximately a normal distribution, ' which is shown on each histogram (Figure 4 ). The width of each class is 0.5 sec. If z&j is the ,residual associated with station i and source i, determined by using the Jeffreys and Bullen [1940] tables, the mean of residuals at station i is ( x~) = where n is the number of shocks.
The values shown by the histograms scattered about the smooth normal curve because of (1) errors in measured arrival time, caused by variations in paper speed, misidentifications of first phases, etc.; and (2) errors in origin time and epicenter location. Station means for Fiji earthquakes are listed in Table 2 .
From an analysis of variance it is possible to derive results that do not appear from the histograms. Following Carder et al. [1966] Interpretation. The late arrivals in Melanesia may arise in three ways: a t the source, as a function of azimuth; along the path in the mantle; or beneath the recording station. Davies and McKenzie [1969] suggest that the global distribution of residuals can be explained on the assumption that the dipping plate effectively 'pulls' the focus toward stations with large negative residuals.
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This may explain part of the delay between Melanesia and Europe and Melanesia and America, but not the delay between Melanesia and Australia (1.0 to 1.5 sec), which probably arises from some local cause, such as a low-velocity upper mantle in the region to the north [Dubois, 19661. We shall compare this result with the delay for Fiji earthquakes. Toward the west and northwest, the results are different. For deepfocus earthquakes in the Banda Sea, Pascal [1970] has found a delay of 0.7 sec under Australia for paths between Australian and Melanesian stations. The plate assumption may explain this particdar anomaly [Davies and McKenzk, 19691 .
The third possibility is to attribute the anomaly to the deep mantle [Toksöz et al., 19671 . This would imply very marked lateral variations if the differences between the paths Longshot-West Australia and Longshot-Melanesia are to be explained. We shall discuss only the two first interpretations. Study of the residuals shows that arrivals from the north, east, and southeast are usually late and probably arise from a low-velocity upper mantle under the Melanesian stations. Histograms and analyses of variance have shown the existence of local anomalies inside the area studied. The metho'd of station pairs provides a more precise knowledge of these anomalies.
The difference between the residuals at two
also the difference between the theoretical and observed travel times. When 5 is positive, the arrival at station 1 is the later, and vice versa.
The origin time does not appear in the expression, and errors due to uncertainty in the position of the source are very small. However, the value of z is affected by the measurement errors at stations 1 and 2. The results for the New Hebrides and New Caledonia station pairs are plotted in Figure 4 , together with histograms of z for NoumeaKoumac, Noumea-Port Vila, and Port VilaLuganville for Fiji earthquakes. The means of the differences are listed in Table 4 .
In the geographical area under consideration, lateness of arrival can be correlated with local topography. P waves are late when crossing a ridge. For example, for the paths Fiji-Noumea and Fiji-Koumac, the Koumac arrival is later than the arrival at Noumea. The delay probably occurs beneath the central chain, which is crossed only on the path Fiji-Koumac ( Figure  5 ) . The angle of incidence of the ray arriving at Koumac is 40', and it enters the 35-lrm-thick crust 40 Ian from the station (see below). The difference of 0.7 sec could imply a difference of 15 Iun in the thickness of the crust under the southwest coast and under the central chain of New Caledonia, assuming a mean P-wave velocity of 6.5 km/sec.
Observations of New Hebrides earthquakes.
Besides the sources in Melanesia that were considered above, many earthquakes occur in the New Hebrides seismic belt (see Figure 1) In a further analysis, a least-squares method was used to compute the propagation equation for near earthquakes in the New Caledonia-New Hebrides area. A linear time-distance relationship was assumed to hold for epicentral distances between 300 and 800 lun. Propagation ,equations of the form T = A/V + To, where To is the intercept on the T axis, are listed in Table 5 . T is in seconds, A is in km and, V is in km/sec. For details of the computation see Dubois [1969] .
The method was applied to the seismic paths New Hebrides-Noumea, New Hebrides-Koumac, New Hebrides-Ouanaham, New HebridesPort Vila, and New Hebrides-Luganville, using normal-depth earthquakes. The (T, A) relation was found to be linear in the area to the west of the New Hebrides but not along the seismic belt. Table 5 gives the propagation equation and the value of P : variance S, ", which corresponds to the dispersion to the regression line over X , , : variance due to reproducibility error [see Snedecor and Cochran, 19671. To the west of the New Hebrides, the propagation equation suggests a P-wave velocity of 7.9 km/sec in the upper mantle [Bullen, 19631. Assuming a mean P-wave velocity of 6.5 km/sec in the crust, the crustd thickness under the 
Propagation along the New Hebrides belt.
For propagation along the seismic arc, the equation is not linear. Many earthquake epicenters are collinear with Port Vila and Luganville, and it is therefore possible to compute the apparent velocity between the stations with good accuracy, since errors in the origin time and the position of the epicenter are eliminated in the computations. Table 6 shows the value of the apparent velocity with respect to epicentral distance for 13 normal-depth earthquakes (Figure 6) .
The apparent velocity is low and increases from 1.2 km/sec to 7.9 lun/sec (except in shocks 4 and 5). The Herglotz-Wiechert method applied to these results gives an upper-mantle structure in which the P-wave velocity increases linearly from 7.4 km/sec at a depth of 20 km, to 8.1 km/sec a t a depth of 120 km.
The study of a local swarm of earthquakes in the Tonga Island area (near Luganville and Port Vila) suggests that here is a higher-velocity crust in the New Hebrides area. Thus the Hebridean anomalous area is characterized by a low P-wave velocity in the upper mantle, and a high velocity in the crust. 
KERMADEC I.
Seismic paths on which the group velocity of Rayleigh waves has been computed. (Figure 9 ). Figure 10 shows the group velocities of the 'Rayleigh waves characteristic of those areas. Comparison with theoretical dispersion curves [e.g. Saito and Takeuchi, 19661 suggests the structure given below. In a more detailed paper, the group velocity over the different paths (Figure 9 ) and comparisons with possible models are made [Dubois, 19681. In the oceanic area surrounding New Caledonia, the crust is 20 km thick and thus is thicker than the classical oceanic crust. 
New Hebrides and New Caledonia area.
The northern part of the New Hebrides anomalous belt has been studied using records from seven Santa Cruz Island earthquakes recorded at Port Vila (Figure 11 ). Rayleigh-wave dispersion curves show that little difference exists between a group of four earthquakes under the trench and a group of three earthquakes on the eastern slope (see Figure 12 and Table 7) .
By using the method of fitting previously discussed, we constructed theoretical models E and T corresponding to two groups of observed data (Table 8 ). The Rayleigh-wave models are similar to the body-wave models proposed in the earlier part of this paper. In fact, the linear gradient of P and X waves in the upper mantle agrees with the dispersion curves of the fundamental and first shear modes ( Figure 13 ) for both the north and the south groups of earthquakes. For the first shear mode, the sloping interface correction [ Tryggvason, 19641 was applied when the bathymetric profile was rough, because first shear mode propagation is influenced mainly (Figure 13 ) by variations in the thickness of the oceanic layer.
The separation of the seismological stations in New Caledonia and the New Hebrides is too great to permit a complete study of the phase velocity. However, in some circumstances a phase-velocity record may be $used. In one case, when an epicenter was located on the line joining the stations at N o m e a and Koumac (a distance of about 300 h), the same train of Rayleigh waves was easily identified on the two seismograms (Figure 14) . A comparison between the observed and the computed dispersion curves (Haskell's [1953] flat-layers method) is made in Figure 15 and Table 9 .
Experimental data fall between the theoretical models Il and I, and G, and G8. The crustal thickness under. the west coast of New Caledonia ranges from 22 to 30 b, according to the adopted values of a, ß, and p.
GENERAL DISCUSSION AND GEOLOGICAL,
IMPLICATIONS
The data available for an interpretation of the structure of the New Hebrides arc iqclude epicenter and focal-depth locations, measurements of the velocity of seismic waves, geological surveys of the Melanesian region, and scattered geophysical observations at sea. According to the diagram by Oliver and Isacks, [1967] , the lithosphere is dipping under the northern Fijian basin, with the earthquake foci lying on a surface that dips at about 55" to the east-northeast, until it is interrupted at a depth of 350 km (Figures 3 and 16) . The observed seismic-wave velocities do not conflict with this picture, and they suggest some additional points in its favor. I n general, P waves from the north and east (Fiji and Longshot) arrive late, (Figure 9 ).
Where does the expansion arise? Summerhaves [I9671 and Cullen [1967] , suggest that it occurs on the Indian-Antarctic ridge, since the North Fiji basin is a large stable plate lying between two, mobile lithospheric, plates that converge and thrust beneath the Tonga-Kermadec and New Hebrides arcs. The secondary expan- Fig. 16 . Vertid section oriented perpendicular to New Hebrides arc, according to hypothesis of Oliver and Isacks C19671. Interruption of the lithosphere corresponds to the lack of hypocenters at a depth greater than 300 km.
